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Abstract

The usual approach to shell-model calculation is tese
experimentally extracted single particle (s.p) eg&s as a part of
an input data to the shell model for nuclear energglculation. A
set of mass-dependent s.p energies for sd-shelicutations
derived from realistic forces using a set of twoedyocorrelation
with 180 taken as a closed-shell core is used in the pnéseork to
determine the energy spectra of nuclei in the uppedf of the sd-
shell. It is observed that the calculated spectrsing the derived
S.p energies are in good agreement when compareih Wiose
obtained when using experimentally extracted s.pesgies.
However, both of them showed compression behavicas
compared to the experimental spectra of these nuclée results
demonstrated that shell-model calculations can bend quite
successfully with the s.p energies derived from thigraction.
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1.0 Introduction

For some time now the shell model has come to @lmajor role in the understanding of nuclear stme;t
and the use of s.p energies as part of an inpattdathell model calculation has received a latténtion

[1, 2, 3].The combination of this model with thepeximental techniques has enabled us to understend
building blocks on which nature is based on attlaashe level of protons and neutrons. From tres of
course, make the assumption that the internal degoé freedom of both protons and neutrons are not
excited. Even with the aforesaid assumption, tlablem is still a formidable one because this isamyn

body problem and the dimensions of the Hamiltorfanan A-body system, wher 423 s not easily
tractable. This means that further assumptionk leive to be made. One assumption to be made is to
remember that the structure of nuclei with magimbars such a¥O is particularly stable. One can then
assume that in defining the Hamiltonian of &system, the part of the Hamiltonian that constguthe
magic core should remain inactive and should coutei a constant energy. We are then left with thdeh
space with which to do our shell model calculatibygurther assuming that there is no overlap betwee
core states and the states outside the core, iballed valence states. The Hamiltonian therefpligssnto

the core and the valence space [4,5]:

<H>JT :EO +Zei + Z<U 4 kl>JT

e
i>j,k>1 (1)

where £, in this equation is the binding energy of theseld core which is taken to have a constant value.

The middle term,e", are the s.p energies, while the last term in tgudél) represents the two-body matrix

elements of the residual interaction between thenea orbits’> /> k and /.
Various empirical and theoretical techniques aedus order to determine the two-body matrix eletmen
of the residual interaction [2, 6]. The empiricapeoach treats all the s.p energies together \Wightwo-
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body matrix elements as free parameters. Thesadjusted until they fit the experimental spectrish [
Several groups have followed this approach withigh ldegree of success [2, 7]. Yet the microscopic
approach demands that these quantities have s@woeetital basis. This approach studied by manyoasith
[8, 9], attempts to explain all the experimentap®rties of nuclei with microscopic theory.

While the energy spectra of various nuclei has ledeansively studied in terms of s.p energies ei¢h
from experiment and various two-body matrix eleraefitO], the spectra of nuclei in terms of the s.p
energies derived microscopically has received desntion. Using the method of lowest order cormsée
variational technique (LOCV) [5], it was shown thiag
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shell model calculation can be done quite succlgsfith s.p energies derived from theory. The LOGV

a very powerful method of calculating both the smergies and the two-body matrix elements, very
accurately. In Ref [4], the LOCV was used to deaveet of mass-dependent s.p energies for sdrabdlbl
calculations. The aim of this paper is to use #teo$s.p energies discussed in Ref. [4] in comimnawith

our two-body matrix elements derived from our twadp effective interaction as well as the Wildenthal
empirically determined two-body matrix elements {@] calculate the energy spectra of Chlori#feCl
nucleus. The rest of the paper is organized asvisll In section 2 we give the summary of the methibd
how we define our two-body effective interactiom foe shell model. In section 3, we give the restithe
calculated spectra 6fCl using the s.p energies given in Ref. [4]. Sectds devoted to the summary and
conclusion of the paper.

 The Nuclear Hamiltonian and the Two-Body Effective Interaction for Shell

Model Calculation
In this section we give a summary of the LOCV apgtodiscussed in Refs. [4, 8] for evaluating the-tw
body effective interactions. The non-relativistiuctear Hamiltonian for an A-nucleon system is
approximated as :

H, =Zp2/2m+ZVN(i]'),

i>j

(@)

where V (U)is the nucleon-nucleon (NN) potential /" is the nucleon mass.Since the NN potential of
equation (2) is known to have a large repulsive mmment which makes it difficult to apply the direct
Hartree-Fock formula, the Hartree-Fock wave functio

® = ()" det () o
must be correlated in the form:

Y=FO (4)

where the ¢" are the s.p basis functions Fisa symmetric product of two-body correlationdtion [9]
F=s11s
v )

Such correlations were formulated in order to acoontate the effect of the strong repulsive compoonént

the NN interaction. In this equatio,‘s is the symmetrizer operator. Furthermore, we meqthat the
Hamiltonian be formulated in the rest- frame of thecleus. This is achieved through a unitary
transformation [10]:

Hy—H=H-p2M =Y (p} /M +V, (i)
i>j , (6)
P*/2M

2

M=myA

Where is the total mass of the nuclet is the translational kinetic energy of the



p, =1/\2(5, - B,)
centre of mass of the nuclelpff Pi~ P, is the relative momentum of the interacting p#etic

For the NN potentia ,VN (U)here after denoted aV"" , we have used the Reid [11] soft-core potential.
Owing to the dimensionality problem mentioned abhave chose a model space where only the two-body
effective interactions are important, since workinith the full shell model Hilbert space is veryfidult.

The justification for this approach has been fudyplained in [10]. The two-body interactions have
therefore been formulated in the form (Irvine [10])

HS =3 (£,G)(p2 /M +V,) £,3))
, (7)

where fZ(lJ)are the two-body correlation operators. In previoakulation [8] it was required that the
two-body correlation functions should take on teatfires of the chosen potential used. In the presen
calculation, we use the Reid [11] soft-core pot#ntihich has the form

Vi/ = Z Vuk
k (8)

where X is a reaction channel which has the cen €)), gpin-orbit \LS) and tensorT) components. In a
similar manner we have expanded the correlatiomadpes as

fz(l]) :Zf,,k

’ 9)
i = FEa)+ fs LS + £ 0)Sy

where (20)
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k k k
with g (r”), fLS (r!./.) and Ir (r”) representing the correlation functions for the r@rthannel, spin-
orbit channel and tensor channel respectively.

Early calculations on nuclear matter and finite lau¢12] have shown that only central and tensor
correlations are more significant. This permitstagparameterize the two-body correlation functiams
these channels in the form [13]

fZ(U):()) r,] <rc
12() = (1 e j(l vatS, ), >r,

— -2
where ¢ =0.25 fm and B =25 fm . The parametelakrepresents the strength of the tensor
correlation. The two-body matrix elements of théeefive Hamiltonian defined in equation (7) were
calculated in the harmonic oscillator basis. Theegal expression for evaluating the two-body matrix
elements, is reported in Refs. [4,6]. Furthermore can calculate the

single particle energies from the

, (11)

same interaction according to the equation [4] as:

o= s KT kT,

(12)

where in the summation the suis limited to the core states ahid the valence space orbital. Note that in
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our calculation of equation (12), there are onlg fwee parameters. These are the oscillator sirapter
and the strength of the tensor correlations. We ¥hese to obtain the best set of one- and two-body
effective interactions to calculate tF€l spectra.

* Results and Discussion

We now use the results of the two-body effectiverictions defined in Ref. [4] and the set of s\prgies
defined in equation (12) calculated by the methbRef. [4] for evaluating the energy spectra of @irle,

34Cl.

In Fig. 1(a), the calculated spectrum Y€l using our interaction is presented together vtith
experimental spectrum [14, 15] for the positiveityastates off*Cl. For comparison we also present the
result of the shell model calculation using the d#¥iithal empirical effective interaction [2]. We dén a

.
state by ST wher¢ is the total angular momentum of the two particystem while T'is their
corresponding isospin. From Fig.1(a) we see thatalculated energy spectrum is rather compress$et w
compared with the experimental spectrum. We hapeated the same procedure in Fig. 1(b) but thie tim
with single particle energies extracted from experit, but this also provides the same result. lddEmse
and Sharma [5], and Hjorth-Jensstral [6] have made a similar observation with regadfotces with a
strong tensor component to which the Reid [11] pieé used here also belongs. Since our calculated
spectra are compressed either with s.p energieslatdd from the interaction or with those extrddi®m
experiment, we conclude that our problem residesiimncalculated two-body matrix elements. We thaneef
decided to alter our two-body matrix elements bynparing them with their Wildenthal counterparts.
Those matrix elements in our calculation that déée by more than 150 KeV from their Wildenthal
counterparts were replaced by Wildenthal valuesdding so we retained only 28 two-body matrix
elements from the 63 Pauli allowed two-body magéigments in our calculation.. The remaining 35were
therefore the Wildenthal empirical matrix elemerifée kept the s.p energies fixed at their calculated
values.In Fig. 2(a) we noticed an impressive ageggmwith experiment. The first five experimentaldés:
o+ 3,1, 1 and 2 at energies 0.0, 0.146, 0.461, 0.665 and 1.28¥ Nespectively are well
reproduced at energies of 0.0, 0.132, 0.278, 0&8®2 1.078 MeV respectively using our s.p energies
calculated from the same interaction. When theeegrgies from experiments were used adopting time sa
procedure, the same states are predicted at es@fgfie0, 0.140, 0.392, 0.601 and 1.192 MeV re$peygt
as shown in Fig. 2(b). For a comparison, we hage aalculated the same states using Wildenthal
empirical effective interaction. This interactiontp these states at energies 0.0, 0.133, 0.3181 G&6d
1.143 MeV respectively. Beyond these energies wee ha one-to-one correspondence between our
calculated spectra and their experimental counterp@hus we can claim that our calculated s.pgiasr
are capable of predicting at least the low lyingifree parity states 6¥'Cl.

« Summary and Conclusion

In this paper we have carried out a shell-modeadystin the energy spectra @€l nucleus. We have found
that our two-body effective interactions and thegke-particle alone are not capable of providingoad
description of the energy spectra of this nucl&Ms. therefore substituted some of the matrix element
our effective two-body interaction that differed tmpre
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than 150 KeV with their counterparts from the Wiitleal empirically fitted interaction and repeatéé t
energy spectra calculation while keeping our s.prges fixed at their calculated values. With this
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procedure, we found that the overall spectra fer lthw-lying positive parity states for the nucleuns
guestion are in excellent agreement with experiraewell as the result of other workers on thidews
Though the calculation of energy spectra such asgmted in this paper is not new, it should becdhttat

in most microscopic shell-model calculations, tle¢ of two-body effective interactions are derived
microscopically but the set of s.p energies areaeie¢d from experiment. Our approach here has tween
emphasize that the spectra of nuclei can be caétllaith s.p energies derived from theory. Thisudtho
still be regarded as a first-step calculation beeawe have neither considered the effect of cooitezk
states in our calculation nor have we extendedapproach to include the delta resonances in nudlei.
have also not considered electromagnetic propesfiisis nucleus in our calculations which areringent
test for a successful shell-model calculation. ¥et model seems to be quit promising in predictimg

low-lying energy levels of nuclei.

Fig. 1: Calculated energy spectra®€l nucleus compared with experiment and Wildenithi@raction. (a)
is the result of the present calculation with snghrticle energies derived from the interactid).i¢ the

resultof the present calculations with single-pdatienergies extracted from eperiment. Notice, that



interaction gave spectra that is compressed eiftfibrsingle-particle energies from the interactanthose

extracted from experiment
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Fig. 2: Calculated energy spectra*El nucleus compared with experiment and Wildenihigraction. (a)
is the result of the present calculation with snghrticle energies derived from the interactid).i¢ the

resultof the present calculations with single-pégtenergies extracted from eperiment.
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